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The long-standing puzzle of the quenched gA in nuclei – and in dense matter – is shown to have a
simple resolution in a scale-symmetric HLS chiral Lagrangian at the Fermi-liquid fixed point. This
resolution exposes scale-chiral symmetry, hidden in QCD in the vacuum, emerging in nuclear matter
from low density to high compact-star density. It has important implications on “first principles”
approaches to nuclear physics, such as the role of multi-body exchange currents in Gamow-Teller
matrix elements in nuclei and in neutrinoless double β decays for going Beyond the Standard Model.
Introduction— There is a long-standing “mystery”
lasting more than four decades as to why the Gamow-
Teller transition in shell model in nuclei requires a uni-
versal quenching factor ∼ 0.75 multiplying the axial
coupling constant gA measured in neutron decay, which
would make the effective axial-vector coupling constant
geffA ≈ 1. What was striking then – and is more so now –
is that the resulting gA is surprisingly close to 1 in light
and medium nuclei as updated in the recent review [2].
This prompted Denys Wilkinson from early 1970s [1] –
and others afterwards up to today since then – to inquire
whether this is not associated with something intrinsi-
cally tied to a basic property of QCD in nuclear medium.
While the conserved vector current implies that the vec-
tor coupling constant gV = 1 in and out of medium, the
conserved axial current — in the chiral limit – does not
imply that gA = 1. This is now understood as that the
axial symmetry is a “hidden” symmetry unlike the vector
symmetry which is unhidden.
There is no known answer as to whether the apparent
nuclear geffA ≈ 1 is just a coincidence and if not, what it
means. In this paper, we provide a possible explanation
built on an old resolution of the problem.
To see what the problem is, consider the celebrated
Adler-Weisberger sum rule that follows from the cur-
rent algebras of chiral symmetry [3, 4], g2A = 1 +
f2π
2
π
∫∞
mN+mpi
WdW
W 2−m2
N
[
σπ
+p(W ) − σπ
−p(W )
]
. Applying
the sum rule for the proton to a nucleus A treated as an
“elementary particle” [5], one notes that gA → 1 if either
fπ → 0 or the integral over the difference of π
±A scat-
tering vanishes. There is nothing that suggests that the
second term should vanish unless fπ → 0. It is believed
that the pion decay constant will indeed go to zero – in
the chiral limit – at some high density independently of
how the second term behaves. In finite nuclei, however,
in the vicinity of the equilibrium nuclear matter density
n0, the in-medium f
∗
π could drop, at most ∼ 20%, from
the free space value and there is no known reason why
the integral is to vanish. Thus the puzzle of the effective
g∗A tending to go near 1 in a wide range of nuclei.
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This issue got highlighted recently by a remarkable
“work-of-the-art” computation of Gamow-Teller transi-
tions in light and medium-nuclei [6]. This work com-
bines no-core shell model technique, thereby incorpo-
rating what could be, as claimed by the authors of
[6],“virtually exact” correlations in the nuclear wave-
functions and EFT treatment of strong and weak in-
teractions of the Standard Model. What makes this
work particularly significant is that it is focused on the
super-allowed Gamow-Teller decay of the doubly magic
100Sn nucleus which exhibits the strongest Gamow-Teller
strength so far measured in nuclei [7], an ideal system
for large-scale calculation that can take into account a
large number of particle-hole correlations. It predicts
the quenching factor q = 0.73 − 0.85 for 100Sn, agreeing
with qBGT,ESPM = 0.75(2) obtained in [7], thereby giving
geffA = 0.95 − 1.08. This calculation, as the title indi-
cates, is heralded as a “first-principles” resolution of the
long-standing puzzle. The crucial ingredient in this “res-
olution” is the two- and three-body weak currents treated
in what is claimed to be a systematic chiral power expan-
sion in the nuclear EFT that involves nucleons and pions
only, denoted hereon as SχEFTπ.
In this paper we show that nucleon particle-nucleon
hole correlations involving excitation energies up to but
less than the ∆N mass difference ∼ 300 MeV should fully
– if not entirely – account for the universal quenching
factor. Neither multi-body meson-exchange currents nor
baryon resonance degrees of freedom, notably, the ∆s, are
significantly involved. The Lagrangian referred to hereon
as “bsHLS,” constructed so as to apply to baryonic mat-
ter ranging in density from normal nuclear matter (n0) to
compact-star matter (∼ (5−7)n0) [8], connects what is at
work for the gA at low density to the emergence of scale
symmetry at high density in compact stars.1 What is
highly significant is that this resolution has far-reaching
1 This Lagrangian involving only hadronic degrees of freedom en-
codes, in terms of a topology change, what corresponds to the
hadron-quark continuity in QCD at a density
∼
> 3n0. The cross-
over is absolutely essential for the EoS of massive neutron stars,
but it affects only indirectly, through nuclear tensor forces, the
gA problem.
2implications on “first-principles” approaches to nuclear
physics and the powerful roles of hidden symmetries of
QCD in nuclear dynamics. It also has implications on the
double Gamow-Teller β decay elements for going Beyond
the Standard Model.
Standard Nuclear Chiral EFT— To see what is in-
volved in the puzzle and its resolution proposed in [6], let
us see what can be amiss with the problem in SχEFTπ.
The calculation of [6] is based on the standard chiral
EFT, SχEFTπ, that is to capture low-energy nonpertur-
bative QCD by including, as relevant degrees of freedom,
only the pions in addition to the nucleons – proton and
neutron. Apart from the symmetries etc. required, what
is needed for nuclear EFT is the effective cutoff scale
Λeff involved in nuclear dynamics. In the usual SχEFTπ
calculations practiced in the field as in [6], the cutoff is
typically taken Λeff ∼ 400 − 500 MeV. This means that
massive degrees of freedom such as the lowest-lying vec-
tor mesons, V = (ρ, ω), are integrated out as their free-
space mass is greater than the cutoff Λeff . Furthermore
no scalar figures as an explicit degree of freedom. First
the scalar “σ” playing an indispensable role in the rela-
tivistic mean field theories (referred in the literature to as
RMFT) is of higher mass than Λeff , so it is also integrated
out. Secondly because it can appear as a resonance at
high loop-orders in SχEFTπ, its explicit presence risks
the danger of double counting.
In contrast, however, the nucleons with the mass ∼ 1
GeV do figure explicitly in nuclear EFT for the obvi-
ous reason that nucleons are essential. They could be
integrated out but then the nucleons would have to be
brought in as skyrmions in the Lagrangian. This matter
is discussed in [8]. However this round-about procedure
is unnecessary because what is involved in low energy nu-
clear physics are “soft” fluctuations comparable to soft
pions in low-energy strong interactions. Now what about
the ∆(3, 3) resonance which is some ∼ 300 MeV heav-
ier? The answer is that it does not enter in the quantum
many-body approach adopted here as will become clear.
In [6], the nuclear forces V and the manny-body cur-
rents O are considered, respectively, up to N4LO and
N3LO in the given chiral power counting.2 With a highly
reliable V the wavefunctions are precisely calculated given
the powerful quantum many-body technique.
Now the issue of the many-body currents Ø needs to
be addressed.
It turns out that unlike the vector currents that are
quite straightforward the nuclear axial-vector currents
turn out to be extremely subtle. This has to do with
that the axial symmetry is “hidden.”
In fact it has been known since late 1970s that the
2 We use the conventional notation doing the power counting rela-
tive to the leading order in the “small” expansion (momentum or
quark mass) parameter Q. Specifically if the leading order (LO)
term is of O(Qk), the subleading term of O(Qk+m) for m > 0 is
denoted as NmLO etc.
space and time components of nuclear axial currents be-
have quite differently in nuclei and dense baryonic mat-
ter. This was evidenced in the current algebras before
the advent of QCD in the way “soft pions” come into
two-body exchange currents [9]. In terms of the mod-
ern χEFT parlance, this is almost trivial. However the
soft-pion theorems, just as all other soft theorems, be
that photon or graviton, have a deep physical implica-
tion, ubiquitous in all areas of physics [10].
A simple heuristic picture of what is going on is as
follows.
Consider the two-body axial currents with one-pion
exchange which in the SχEFTπ are dominant in the
chiral power counting as we will see precisely below.
Since the axial field Aµ does not couple to the pion ex-
changed between nucleons, what is involved is the vertex
Aµ+N → π+N . We can take the axial field Aµ as a pion.
Thus we are dealing with the process πin+N → πout+N
where πin stands for the incoming axial field and πout is
the pion exchanged between two nucleons.
First consider the case where πin is “hard” and πout is
“soft.” Then according to the double soft theorems [10],
the amplitude should be highly suppressed by Adler’s the-
orem. On the other hand, if both πin and πout are soft,
then the double-soft limit gives an unsuppressed ∼ O(1)
amplitude. This is very well known from the old soft-pion
theorems, but nowadays this old stuff has become high-
lighted because of its fundamental nature in physics [10].
Kinematics of the virtual pion in nuclei is not sharply
given, so our argument is at best approximate. But with
the axial current identified with a pion, this soft-theorem
can be applied to the problem. The pion exchanged be-
tween two nucleon favors the process when it is soft, with
harder pions suffering from kinematic suppression due to
the derivative coupling. Now taking the axial charge op-
erator A0 as a soft pion, this then predicts an O(1) one-
pion exchange contribution whereas the Gamow-Teller
operator A±, being “hard,” leads to a suppressed two-
body operator. This is essentially the “chiral filter” ar-
gument of [9].
The above chiral filter argument can be given a more
rigorous support by using the systematic power counting
in SχEFTπ to which we turn.
The power counting for the responses to the electro-
weak current, first worked out in early 1990s and listed
completely in a publication in 2003 [11], has been ex-
tensively refined and extended since then as aptly sum-
marized – with relevant references – in [12]. What we
need for our arguments is essentially all contained in [11]
that we will follow. We will, however, exploit some of
the critical analyses made in [12] on consistency in the
regularization schemes in going to N4LO.
What follows is a story of two sides of the same coin.
We first look at the time component of the axial cur-
rent. Here soft pions predominantly enter in the two-
body current. The ratio of the two-body soft-pion ex-
change operator over the one-body operator – which is
O(Q) in the Q-power counting – is R =2B/1B= O(Q0).
3Thus the leading “correction” is of the same magnitude
as the LO one-body term. The next correction is sup-
pressed by two chiral orders, O(Q2). At this order there
are relativistic and other small corrections to the single-
particle operator as well as two-body terms involving 2π
exchange etc. They are expected to be ignorable. Thus
the leading two-body term is protected by the “chiral
filter,” hence robust.
This prediction has been neatly confirmed in the first-
forbidden A-to-B nuclear β decay A(0±)→ B(0∓) + e+
ν, ∆T = 1 where the superscripts are the parities. Ex-
pressed as ǫ = gA
eff
t /gA in terms of the effective axial cou-
pling constant for the time component to represent the
ratio of the total matrix element over the single-particle
matrix element, the prediction for nuclear matter [13]
ǫtheory = 2.0 ± 0.2 and the experimental measurements
made for the transitions in Pb region A = 205− 212 [14]
ǫexp = 2.01 ± 0.05 agree stunningly well. The theoreti-
cal value is estimated at nuclear matter density, but the
result is extremely insensitive to density, so Pb can be
compared with nuclear matter: The 10% error bar as-
signed to the theory corresponds to the range of density
involved from light to heavy nuclei to nuclear matter.
This result is well supported in other processes involv-
ing lighter nuclei. This perhaps is the most convincing –
and clear-cut – evidence for the role of soft pions – via
exchange currents – in nuclear physics.
This is the story of one side of the coin.
Now we look at the Gamow-Teller operator, the space
component of the axial current. The situation here is
drastically different. This is because soft pions play
practically no role here. While the one-body Gamow-
Teller operator is O(Q0), super-allowed – barring acci-
dental suppression, the leading two-body correction with
one-pion exchange comes ( a` la soft theorems) strongly
suppressed by two chiral orders, O(Q2). The ratio is
R =2B/1B= O(Q2). This is because the pion enter-
ing in the two-body term is “hard,” with its coupling
with nucleons requiring, among others, relativistic cor-
rections. At this order, three-body operators must also
enter. Furthermore since the nucleons are inevitably non-
relativistic, there can be a plethora of other corrections,
notably the “recoil corrections,” entering at the same or-
der. It does not appear from what’s discussed in the
paper that all these corrections are fully and consistently
taken into account in [6]. There is no justification to take
some but ignore others as there can be significant cancel-
lations among them. They should also be all essential for
axial Ward identities. To make it even worse, there are
also ambiguities in doing regularizations in both V and
Ø [12], relevant to the validity in correlating the pres-
ence of 2BC with the regularization (cutoff dependence,
a.k.a. “resolution scale” etc.) that figures importantly
in the arguments given in [6]. This large number (> 11)
of higher-order terms that cannot be controlled at NkLO
for k ≥ 3 is what is meant by “chiral-filter unprotected”
terms.
This is the story of the other side of the same coin.
In sum, we conclude that the conclusion of [6] – that
the gA problem is resolved by the 2BC combined with a
sophisticated no-core shell model – is highly questionable
if not unfounded. There is no justification to stop at
N3LO unless N4LO can be shown to be ignorable, which
is at present far from feasible. There can very well be
cancelations between different orders as in the case of
the Monte Carlo calculations in light nuclei [15].
Scale-Chiral Hidden Local Symmetric EFT—
We now present an alternative calculation which pro-
vides a strong support to the conclusion given above.
This calculation relies on the bsHLS Lagrangian men-
tioned above. As reviewed in [8], it works well without
any inconsistency with the presently known properties of
nuclear matter as well as of compact-star matter. It is
rather involved including a possible hadron-quark con-
tinuity at high density. But it drastically simplifies for
densities ≤ n0, so is applicable to the problem concerned.
It involves only one parameter, namely, the pion decay
constant in medium f∗π .
The Lagrangian bsHLS is constructed with a cutoff put
above the vector-meson mass∼ 700 MeV, with the vector
mesons ρ and ω brought in as hidden gauge fields and a
scalar corresponding to f0(500), denoted χ (to be distin-
guished from σ of linear sigma model and also from the
scalar in RMFT) as a (pseudo-)Nambu-Goldstone scalar
boson of scale symmetry. Those, in addition to the nu-
cleons, are the relevant degrees of freedom for the given
cutoff. The ∆s do not figure. It has the same chiral
symmetry as SχEFTπ but goes way beyond it with the
hidden symmetries emerging in nuclear medium. There
is no need for “resolution-scale” adjustment.
The power of the bsHLS Lagrangian applied to nuclear
physics is that its bare parameters are endowed with
non-perturbative inputs in terms of condensates inher-
ited from QCD at the matching scale between the EFT
and QCD. Since the condensates track the vacua, the La-
grangian is endowed with what is called “intrinsic den-
sity dependence (IDD).” The Lagrangian is constructed
to apply to a wide range of densities from that of nuclear
matter n0 to compact-star matter ∼ (5 − 7)n0. It pos-
sesses hidden gauge symmetry encoding chiral symmetry
in terms of the vector mesons gauge equivalent to non-
linear sigma model. It encodes the vector manifestation
fixed point at which the gauge coupling goes to zero. It
contains also a scalar degree of freedom, the dilaton χ
encoding the scale symmetry of QCD. This symmetry
is hidden in the QCD vacuum and shows up in nuclear
medium triggered by nuclear matter. The scale sym-
metry and HLS, treated on the same footing, give rise
to scale-chiral symmetry which is taken as the basis of
nuclear strong dynamics in lieu of the chiral symmetry
alone. The presence of the dilaton as an active degree
of freedom makes the theory a lot more powerful – and
potentially much simpler – than chiral symmetric theory.
The scale symmetry with which the scalar dilaton is as-
sociated has a long history and there is still controversy
as to whether such a scalar exists in QCD for the num-
4ber of flavors less than or equal to 3 relevant to nuclear
physics. If it exists it must be basically different from
such scalar present in conformal window being studied
for dialtonic Higgs for large number of Nf . We eschew
the controversy, referring to [8] for some relevant dis-
cussions. Here we are following the scheme developed
in [16] which we find appropriate for nuclear dynamics.
It captures economically the effect of high loop-orders in
SχEFTπ at tree order as is exemplified in particle physics
in the process in K → 2π decay [16].
Written schematically, the bsHLS Lagrangian is of the
form
LbsHLS = Linv(ψ,U, χ, Vµ) + V(U, χ,M) (1)
where the first term is scale-invariant and the second is
the dilaton potential that encodes scale-chiral symmetry
breaking. This results from the leading-order scale sym-
metry (LOSS) approximation found to be appropriate for
nuclear dynamics [8]. In particular it encodes soft the-
orems. Here ψ is the nucleon field, U = e2iπ/fpi is the
chiral field, χ = fχe
σ/fχ is the “conformal compensator
field” for the dilaton, Vµ is the hidden gauge field. The
dilaton potential encodes the vacuum structure putting
the system in the Nambu-Goldstone mode of scale-chiral
symmetry. The HLS is assured with hidden gauge co-
variance put in the Maurer-Cartan 1-forms and can be
written down to any power orders.
Given the bsHLS Lagrangian, one can formulate a
quantum many-body approach to nuclear dynamics us-
ing Wilsonian-type renormalization group flow such as,
for instance, the Vlowk-RG. How this works in compact
stars is described in [8]. It leads to a Landau Fermi-
liquid theory formulation of the EoS for dense mat-
ter [17]. What we do is effectively applying the same op-
eration to the gA problem but in a much simplified form.
Renormalization-group decimated to the top of the Fermi
sea, the quasiparticle making the Gamow-Teller transi-
tion can be identified with the pure shell-model transition
for qBGT,ESPM . We calculate this quantity by applying the
Landau Fermi-liquid fixed-point approximation which
corresponds to taking the limit N¯ ≡ kF
Λ−kF
→∞ [18].
One can see from the explicit expression of the La-
grangian (1) that to the lowest order in scale-chiral ex-
pansion, the Lagrangian has the form of Walecka’s lin-
ear mean-field model [19]. The major difference from
Walecka’s model however is that the bare parameters,
endowed with the IDDs, are constrained by hidden lo-
cal symmetry (hence chiral symmetry) and scale symme-
try (hence low-energy theorems with the dilaton) and of
course the pion fields included a` la nonlinear chiral sym-
metry. Now the most crucial point in our approach is
that this bsHLS Lagrangian with the IDDs suitably im-
plemented, when treated in the mean-field, is equivalent
to the Landau Fermi-liquid fixed point theory. Such an
“equivalence” was suggested a long time ago by Mat-
sui for Walecka’s linear RMFT [20] and was shown even
quantitatively to hold for a Lagrangian of the type of (1),
including the thermodynamic consistency [21].
To see how the equivalence works, we consider the nu-
clear response to the EM field. Here the situation is
straightforward. An illustrative case is the EM orbital
current in the mean-field treatment of (1) which repro-
duces precisely Migdal’s finite Fermi-liquid formula [22]
~J =
~k
mN
(
1+τ3
2
+ δgl
)
with δgl =
1
6
(F˜ ′1 − F˜1)τ3 where
F˜1 and F˜
′
1 are Landau-Migdal interaction parameters ex-
pressed in terms of the parameters of bsHLS. There are
two remarkable results in this formula. First the or-
bital current is given in terms of the vacuum nucleon
mass – instead of the Landau mass mL – satisfying the
Kohn theorem [23] and the other is that the predic-
tion for the nuclear anomalous gyromagnetic ratio [24]
– with the soft-pion theorems playing the crucial role –
δgpl (n0) ≃ 0.21 agrees with what’s measured in the Pb
region, δgprotonl = 0.23± 0.03 [25].
We finally turn to the gA problem, which is linked to
low-energy theorems in the axial channel that are quite
intricate. We focus on the quenching factor q associated
with the BGT,ESPM in
100Sn [7].
The quenching factor in the Fermi-liquid fixed point
theory is qL = g
L
A/gA where g
L
A is what corresponds to the
Fermi-liquid fixed point constant that multiples the zero-
momentum-transfer matrix element M = (
∑
i τiσi)QP
for the quasi-particle on top of the Fermi surface making
the GT transition, MGT = qLgAM. This q
L should be
compared with the experimental value q in 100Sn.
The relevant part of the Lagrangian (1) for this prob-
lem is
L = iψ¯γµ∂µψ −
χ
fχ
mN ψ¯ψ + gAψ¯γ
µγ5τaψA
a
µ + · · ·(2)
where Aµ is the external axial field. The key point to
note here is that the axial response term in the La-
grangian is scale-invariant without dependence on the
conformal compensator field χ, whereas the nucleon mass
term is linear in χ. This means that embedded in nu-
clear medium, gA as a bare parameter is free of IDDs,
whereas the nucleon mass does scale “intrinsically” as
m∗N = ΦmN with Φ ≡ f
∗
χ/fχ. Due to the locking of
the condensates, we can identify Φ ≈ f∗π/fπ, which is a
consequence of the same Nc dependence of f
2
π and f
2
χ in
the CT theory [16]. Note that while gA has no intrinsic
density dependence, f∗π is directly affected by the IDD
because of the locking to f∗χ. This was already noticed
in the Adler-Weisberger sum rule.
At the Fermi-liquid fixed point, the relevant quantities
involved are the Landau mass mL, the Landau interac-
tion parameters F˜1 and F˜
′
1 and Φ = f
∗
π/fπ. Thus the
Landau gLA – hence q
L – must involve only these quan-
tities. The calculation for gLA was first done a long time
ago [24], which to our surprise is exactly reproduced by
the considerably more improved argument. It is given by
gLA/gA ≈ (1−
1
3
ΦF˜π1 )
−2 (3)
where F˜π1 is the pion Fock term contribution to the Lan-
dau parameter F˜1 that enters in δgl. The Fock term is
5a loop contribution, so naively O(1/N¯). But the pion
being “soft,” it plays an indispensable role as it does for
the anomalous orbital gyromagnetic ratio δgpl . Since pi-
onic properties are given by chiral dynamics, the pion
contribution F˜1 can be calculated almost exactly. Thus
once Φ – the only parameter in the theory – is given,
then gLA is accurately calculable. How the pion decay
constant behaves in nuclear medium is experimentally
measured [26], so Φ is known in the vicinity of nuclear
matter density. Quite surprisingly while Φ decreases as
density increases, the pionic term F˜π1 increases with the
product ΦF˜π1 staying nearly constant as density changes,
say, between ∼ 1
2
n0 and ∼> n0. Therefore g
L
A is nearly
density-independent, which predicts that the quenching
factor qL must be more or less the same from light nuclei
to heavy nuclei (and dense matter n ∼> n0). The result is
(evaluated at n0)
qL ≃ 0.79 (4)
that agrees with what’s given in 100Sn [7],
qexp = 0.75(2). (5)
This implies that the quenching factor ∼ 0.75 is given
mostly – if not entirely – by strong particle-hole cor-
relations affected by neither “intrinsic” renormalization
via the dilaton condensate nor many-body currents nor
higher baryon resonances. We should remark that a sim-
ilar result was obtained in a Vlowk-based shell-model ap-
proach from mass number A = 48 to A = 136 [27].
Concluding Remarks—The result obtained here ex-
poses the “old” gA problem with a totally “new” face.
In nuclei, g∗A ≈ 1 is captured entirely by nuclear cor-
relations in the theory with bsHLS. In highly dense
matter as in compact stars, on the other hand, with
the same Lagrangian treated in the limit that the re-
parametrized field 〈χe
ipi
fpi 〉 goes to zero, called “dilaton-
limit fixed point,” which corresponds to the dilaton go-
ing massless, g∗A is also found to approach 1 [8]. This
can be taken as signaling the approach to scale invari-
ance. Since the scale symmetry and chiral symmetry are
locked, this limit is equivalent to chiral symmetry restora-
tion manifesting in the Adler-Weisberger sum rule. An
interesting scenario is that in approaching this limit in
conjunction with the vector manifestation, the pion, the
dilaton, the ρ (and a1) all go massless, giving rise to
what we might identify with Weinberg’s “mended sym-
metry” multiplets [28]. At the high density correspond-
ing to this limit, perturbative QCD predicts that the
sound velocity in neutron stars should become “confor-
mal,” (vs/c)
2 = 1/3. Now what’s predicted in bsHLS
is surprising: The conformal sound velocity precociously
sets in at a density n ∼> 3n0 [8], far below what is usually
expected, ∼> 50n0. This phenomenon was referred to as
“pseudo-conformal (PC).” This suggests that g∗A → 1 at
n ∼> 3n0. We interpret this as signaling the emergence of
the hidden scale symmetry in baryonic medium. This ob-
servation is consistent with that in pionless EFT, with all
mesons – including the pion – integrated out, the unitar-
ity limit is applicable in nuclei and compact stars at low
energy [29] and in bsHLS with all mesons integrated in,
the pseudo-conformality is applicable in compact stars at
high density.
The author is grateful for discussions with and com-
ments from Yong-Liang Ma.
[1] D.H. Wilkinson, Phys. Rev. C 7, 930 (1973).
[2] J.T. Suhonen, Front. in Phys. 5, 55 2017); J. Engel and
J. Mene`ndez Rept. Prog. Phys. 80, no. 4, 046301 (2017).
[3] S. L. Adler, Phys. Rev. Lett. 14, 1051 (1965).
[4] W. I. Weisberger, Phys. Rev. Lett. 14, 1047 (1965).
[5] C. W. Kim and H. Primakoff, Phys. Rev. 140, B566
(1965).
[6] P. Gysbers et al., Nature Phys. 15, 428 (2019).
[7] C.B. Henke et al., Nature 486, 341 (2012).
[8] Y.-L. Ma and M. Rho, arXiv:1909.05889 [nucl-th].
[9] K. Kubodera, J. Delorme and M. Rho, Phys. Rev. Lett.
40, 755 (1978).
[10] I. Low, Phys. Rev. D 93, 045032 (2016); A. Strominger,
arXiv:1703.05448 [hep-th].
[11] T. S. Park et al., Phys. Rev. C 67, 055206 (2003).
[12] H. Krebs, arXiv:1908.01538 [nucl-th].
[13] K. Kubodera and M. Rho, Phys. Rev. Lett. 67, 3479
(1991).
[14] E. K. Warburton, Phys. Rev. Lett. 66, 1823 (1991).
[15] S. Pastore et al., Phys. Rev. C 97, 022501 (2018).
[16] R.J. Crewther and L.C. Tunstall, Phys. Rev. D 91
(2015), 034016 (2015).
[17] J. W. Holt, G. E. Brown, J. D. Holt and T. T. S. Kuo,
Nucl. Phys. A 785, 322 (2007).
[18] R. Shankar, Rev. Mod. Phys. 66, 129 (1994).
[19] J. D. Walecka, Annals Phys. 83, 491 (1974);
[20] T. Matsui, Nucl. Phys. A 370, 365 (1981).
[21] C. Song, Phys. Rept. 347, 289 (2001).
[22] A.B. Migdal, Theory of Finite Systems and Applications
to Finite Nuclei (Interscience, London, 1967).
[23] W. Kohn, Phys. Rev. 123, 1242 (1961).
[24] B. Friman and M. Rho, Nucl. Phys. A 606, 303 (1996).
[25] R. Nolte, A. Baumann, K. W. Rose and M. Schumacher,
Phys. Lett. B 173, 388 (1986).
[26] P. Kienle and T. Yamazaki, Prog. Part. Nucl. Phys. 52,
85 (2004).
[27] L. Coraggio et al., Phys. Rev. C 100, 014316 (2019).
[28] S. Weinberg, Phys. Rev. Lett. 65, 1177 (1990); Salam-
festschrift (World Scientific, 1994), ed. Alli, Ellis,
Randjbar-Daem.
[29] U. van Kolck, Nuovo Cim. C 42, 52 (2019); I. Tews et
al., Astrophys. J. 848, 105 (2017).
